The objectives of the present study were to investigate temporal/spectral sound-feature processing in preschool children (4 to 7 years old) with peripheral hearing loss compared with age-matched controls. The results verified the presence of statistical learning, which was diminished in children with hearing impairments (HIs), and elucidated possible perceptual mediators of speech production.
INTRODUCTION
Humans distinguish speech sounds based on spectral and temporal properties, which are represented by segmental units such as laryngeal, place, and manner features (Hall 2007) . Importantly, the maturation of this capacity during infancy crucially depends on exposure to speech sounds, suggestive of dedicated learning mechanisms (Kuhl et al. 2008 ). Among the major theoretical views of speech sound perception and categorization processes in children, the two most prominent are statistical learning (Aslin et al. 1999; Saffran 2003; Werker & Tees 2005) and the "Perceptual Assimilation Model" (Best 1995) .
According to Thiessen et al. (2013) , the mechanisms of statistical learning are rooted in conditional, distributional, and cue-based sensitivities to input information. The conditional aspect of statistical learning refers to transitional probabilities that indicate the predictive relationship between two events and is used to segment words, particularly in identifying prosodic information (Bertoncini 1993) and phonotactic structures , even in an unfamiliar language (Pelucchi et al. 2009 ). The distributional aspect of statistical learning detects the tendencies within a categorical structure or prototypical characteristics of a given input. Through these distributional mechanisms, learners are sensitized to the frequency and variability of sets of presented elements (Thiessen et al. 2013) , which plays a key role in categorizing speech sound features (Maye et al. 2002; Werker et al. 2007; Maye et al. 2008 ). Cue-based statistical learning is a mechanism for perceptual cue detection and weighting that recognizes the relationship between perceptual characteristics of the input and the units that organize the input (Thiessen et al. 2013) . This is important for identifying acoustic cues to word boundaries and speech sound perception (Nittrouer 1996) . Among these facets of statistical learning, the distributional aspect is particularly pertinent to speech sound perception and categorization processes.
Another theoretical basis for the development of speech sound processing is the Perceptual Assimilation Model (Best 1995) , which stresses the close connection between speech perception and production processes. This model emphasizes the importance of an integrated perceiving-acting system that is able to detect a broad range of possible articulatory gestures in speech processing. Articulatory gestures are composed of information extracted from all sensory modalities. Through an experience-based attunement to the constellations of gestures they are exposed to, infants discover which articulatory gestures are used in their native language and then categorize them into language-specific patterns. According to this theoretical framework, speech sound processing is based on perceptual abilities that are linked to speech production represented by articulatory gestures and involves increasing attunement (Best 1994 (Best , 1995 to speech sound categories over the course of language acquisition (Tyler et al. 2014) .
Both distributional statistical learning and the Perceptual Assimilation Model implicitly represent different learning processes for perceiving speech sounds and creating speech sound categories. As a result, distinct training schemes are necessary to treat children with impaired speech sound perception, as is the case in children with peripheral hearing loss (HL) (Bamford & Saunders 1985; Jerger 2007) . To conduct ideally targeted auditory training for hearing-impaired (HI) children, empirical information about the relative contribution of the specific model mechanisms for speech sound perception and categorization learning is necessary. Based on the assumption that different learning mechanisms show distinct neuronal representations, collecting neurophysiological data of syllable processing will shed light on the mechanisms that underlie speech sound perception and categorization learning. This information can in turn be leveraged to facilitate well-directed auditory training.
Recording auditory event-related potentials (aERPs) is an EEG method that has been used to characterize patterns of brain activity associated with syllable processing over the course of development. A component of aERPs termed Mismatch negativity (MMN) is a useful electrophysiological tool for assessing the perception of speech sounds in children (Näätänen 2001) . Specifically, MMN responses are an effective index of auditory change detection processing in which the incoming stimulus is differentiated from the sensory memory trace of the preceding auditory inputs, which encodes regularities of successive stimulus events. Analysis of MMN thereby makes it possible to determine auditory discrimination accuracy and to assess abnormal auditory perception processing (Näätänen et al. 2012) .
Previous studies investigating event-related potentials (ERPs) during syllable processing in typically developing children between 4 and 10 years of age parsed the syllableevoked brain responses into several components. For example, the P1 component of the EEG waveform response to an external speech stimulus (Maurer et al. 2003; Ceponiene et al. 2005; Ceponiene et al. 2008; Sussman et al. 2008 ) has been divided into an early bilateral frontal (80 to 120 msec) subcomponent followed by a more central (150 to 180 msec) subcomponent (Ceponiene et al. 2005) . Several studies (Gilley et al. 2005; Wunderlich et al. 2006 ) provided evidence of distinguishable P1 and P2 components with peaks at central electrode locations, but unsystematic alterations in peak latency with increasing age (Wunderlich et al. 2006) ; however, others could not find a P2 component (Ceponiene et al. 2005; Ceponiene et al. 2008; Sussman et al. 2008) . Another EEG component, the so-called N1, was observed in the Cz and T3 electrodes in a time window around 160 msec (Wunderlich et al. 2006 ) depending on stimulation rate and age; detectability is increased in children older than 10 years (Gilley et al. 2005) . Further components have also been identified, such as the N2 with a maximal frontocentrally peak around 300 msec (Maurer et al. 2003; Ceponiene et al. 2005) . In previous studies of adult subjects, the N2 has sometimes been subdivided into three components: N2a, N2b, and N2c. N2a is a relatively attention-independent component, which corresponds to the MMN and is maximal at frontocentral electrodes (a time window from 150 to 250 msec) (Kujala et al. 2001) . N2b is a more attention-dependent and anticipatory component with a frontocentral maximum (a time frame from 250 to 300 msec). N2c is the categorizing component, which shows a central negativity that is maximal at more posterior electrodes (slightly later than 300 msec) (Näätänen 1987) . However, little is known about these components in children aged 4 to 10. In contrast, the N4 component has been detected in children with a maximum at frontocentral electrodes in a slightly later time frame (370 to 450 msec) (Ceponiene et al. 2005) .
The functional implications of the P1/P2 complex have been suggested to represent preperceptual processing of acoustic sound features (Ceponiene et al. 2005) , such as feature detection and identification of spectral (Ceponiene et al. 2008) and temporal differences (King et al. 2008) , whereas distinct P2-related processes have been proposed to play an additional role in automatic attention mechanisms (Ceponiene et al. 2005) . Later components, such as N2 and N4, are thought to be important for integrative encoding of sound content features (Ceponiene et al. 2005; Ceponiene et al. 2008) , and it has been noted that N2 latency and amplitude changes were influenced by temporal differences in voice onset time (VOT) (King et al. 2008) . In terms of N2 subcomponents, the function of N2a has been ascribed to passive discrimination processes, whereas the N2b is represented in more active discrimination processes or stimulus-specific anticipatory processes. The N2c component is associated with categorization processes to various auditory stimuli (Näätänen 1987) .
Investigations in speech sound acquisition in children with peripheral HL revealed disabilities in spectral and temporal information processing (Bamford & Saunders 1985; Jerger 2007) . Depending on the degree of hearing dysfunction, abnormal processing of VOT differences have been observed, indicating impaired perception of the temporal aspects of speech sounds (Jerger 2007) . Abnormal perception of spectral information has been described for the integration of mid-frequency and widely separated frequency bands; these findings are particularly salient for place of articulation differences observed in subjects with HL (Grant et al. 2007 ). In addition, dysfunctions in auditory temporal ordering of language-specific stimuli have been observed to depend on the degree of HL . Furthermore, children with impaired hearing have impairments in motor and visual sequential learning, suggesting that reduced auditory perception has an impact on cross-modal encoding and learning, and the manipulation of sequences (Conway et al. 2009 ).
Furthermore, children with HI were shown to process speech sounds in a more controlled rather than automatic manner (Jerger 2007) , and they presented abnormal temporal speech behaviors particularly related to vocal fold articulation (Paterson 1994; Higgins et al. 2005) . Findings from Higgins et al. (2005) indicated that most of the produced speech was close to normal apart from aberrant VOT values, which were more severe in female subjects with unbalanced hearing abilities in both ears. Regarding perseveratory coarticulation, a similar precision between children with normal hearing (NH) and HI was found for consonantal duration (Baum & Waldstein 1991) . Stiles et al. (2012) reported that compared with NH control subjects, children who use hearing aids demonstrated slower articulation rates in sentence repetition, which is related to verbal short-term memory processes.
Neurophysiological studies in children with cochlear implants confirmed the appearance of the P1 and N2 components in syllable processing (Singh et al. 2004) . Recently, children with peripheral HL, who were fitted with hearing aids, were evaluated in a MMN study . These authors recorded ERP responses with verbal and nonverbal acoustic transformation of /da/ and /ba/ stimuli, and pure tones (1 and 2 kHz), in 9-to 12-year-old French-speaking children. No significant differences in the P1 latency and amplitude or the latency of the N2 component between participants with healthy hearing and HI were observed. In contrast, a significant STUDER-EICHENBERGER ET AL. / EAR & HEARING, VOL. 37, NO. 1, e57-e71 e59 group effect indicated reduced amplitude of the N2 component in children with HL. Hence, the authors concluded that the earlier sensory stages of syllable processing did not differ between children with hearing aids and children with NH.
In comparison with the extent of behavioral differences between HI and NH children, the neurophysiological group differences in the aforementioned studies were small. This may be because several important aspects of speech sound perception have not yet been accounted for. First, there are no available neurophysiological data describing syllable processing in children with hearing aids younger than 9 years old, even though most hearing-specific interventions begin during preschool age. Therefore, characterizing ERP responses of preschool children is necessary to decipher the sequences of processing steps, which would in turn yield information about what aspects of auditory stimulation are adequate for well-directed auditory training. Second, prior ERP studies were based on single channel analysis. We presume that multichannel analysis would significantly increase the sensitivity of ERP group analysis. Third, most of the previous studies of speech sound perception were focused on spectral features, such as the /ba/ versus /da/ distinction, while the contribution of temporal features has received little attention. However, behavioral results in children with HL have demonstrated a lack of temporal perception (Jerger 2007) , indicating that corresponding neurophysiological data would enrich our understanding of speech sound perception mechanisms. Fourth, according to speech sound acquisition theories (Aslin et al. 1999; Werker & Tees 2005) , an important underlying implicit learning mechanism is the analysis of distributional information, which plays a key function in speech sound perception and categorization processes. Thus, our assumption is that the effects of distributional statistical learning should also be reflected in neuronal responses that arise during syllable processing. To our knowledge, there has yet to be an ERP study elucidating distributional statistical learning mechanisms in preschool children with and without HL. Finally, although the relationships between syllable-evoked ERP responses, speech perception, and reaction time (RT) were measured in adults with HL (Oates et al. 2002; Korczak et al. 2005) , little is known about these relationships in syllable production in children with HL. Such analyses are important to test if perception and production mechanisms of articulatory gestures are connected, as predicted by the Perceptual Assimilation Model (Best 1995) .
The aims of the present study were to use integrated multichannel ERP analysis and receptive and expressive behavioral tasks in an investigation of how temporal and spectral speech sound features are processed in normally developing 4-to 7-year-old children compared with age-matched children with peripheral HL. Tasks were designed to test for indications of distributional statistical learning in behavioral tasks or ERP responses, which allowed us to clarify the nature of statistical learning mechanisms. Finally, to assay for evidence of an integrated perception-action system as in the Perceptual Assimilation Model of Best (1995) , we explored whether there is a connection between neurophysiological processes of speech sound perception and the production of speech sounds.
METHODS

Subjects
The recruitment of the HI participants has taken place in a center for hearing and language services, whereas the NH subjects were recruited via personal contacts with their parents. Seventeen healthy hearing, typically developing children (nine girls and eight boys; age, 4 years 2 months to 7 years 5 months; mean age = 6.07 years; SD = 0.90 years) and 13 children with HI (eight girls and five boys; age, 4 years 0 months to 7 years 10 months; mean age = 6.55 years; SD = 1.09 years) participated in this study. Two children with HI dropped out due to a neurological impairment and a complete refusal to undergo procedures necessary for neurophysiological measurements. The remaining 30 subjects were Caucasian, monolingual native German or Swiss German speakers from working-and middle-class families in the region of Bern. None of them was a native sign language speaker, but two of 30 participants were exposed to sign language 2 hr a week. All children had normal speech motor skills as assessed by maximum performance tasks (MPTs) (Thoonen et al. 1996; Thoonen et al. 1999 ) and normal vision. All subjects were educated in the regular school system and none had a history of neurological development or behavioral problems. Children with NH had a sensitivity loss < 20 dB HL in both ears. Children with a peripheral HL had > 30 dB HL in at least one ear, as determined by pure-tone audiograms (125 to 8000 Hz). Furthermore, children with HI associated with meningitis or cytomegalovirus infection were excluded from the study. These diseases can cause damage to specific neural structures that are important for speech sound processing. Detailed subject and demographic information is provided in Tables 1 and 2. Of the 30 subjects, 13 children each participated in the HI group and NH group with no differences in age [t = 1.21, degrees of freedom (df ) = 24, p = 0.2380] or sex (χ 2 = 0.1548, df = 1, p = 0.6940). After explaining the study to each participant and his parents, written informed consent was obtained. As compensation, each child received a small present after the session. This study was approved by the local Ethics Committee of Canton Bern, Switzerland.
Stimuli
To meet the particular needs of this study, the selected stimuli should possess the following properties: there should be systematic differences in (1) spectral, (2) temporal, (3) spectrotemporal features of the speech sounds; (4) the range of frequency of occurrence of syllable onset should be as similar as possible; and (5) the distribution of speech sounds should cover low-, mid-, and high-frequency bands. To assess a spectral difference, our stimulus required a difference of place of articulation representing a spatial distinction within the same phoneme category. For assess a temporal difference, the VOT is a particularly important feature because the distinction between two phonemes exists only in the different onsets of the vocal cords vibrations. Features of the spectrotemporal aspect can be selected by a phoneme distinction through a different manner of articulation. In other words, the difference between two phonemes is revealed in dissimilar phoneme categories and phoneme durations (Stevens 1998; Pompino-Marschall 2009; Reetz & Jongman 2009; Johnson 2012) . Based on various German studies (Best 2004 (Best /2005 Aichert et al. 2005 ) and a Swiss German study (Siebenhaar, Reference Note 1), it is known that the frequency of syllable onset of several plosives and the alveolar nasal are within the first nine ranges. Voiceless stops are within high-frequency ranges, while voiced plosives are related to mid-frequency band and nasals to low-frequency bands (Stevens 1998; Reetz & Jongman 2009 ). Therefore, we chose the syllables /ba/, /da/, /na/, and /ta/. As a result, the /da/ stimulus had a VOT distinction to /ta/ covering the high-frequency band, while /da/ had a spectral difference to /ba/ represented by a transition between the second and the third formant (mid-frequency band). The spectrotemporal distinction was manifest between /da/ and /na/ due to a variant phoneme classes (plosive versus nasal), as there is considerably longer phoneme duration for /na/ than /da/ and the nasal was assigned to the low-frequency band. Stimuli were recorded by a microphone (Sennheiser Back-Electret MPR-65) with a sampling rate of 8000 Hz and arranged using PRAAT 5.1 speech analysis software (Boersma & Weenik 2009 ). The glottal waveform was extracted from the natural utterance of a female Swiss German speaker pronouncing the syllables with the same fundamental frequency (F0 180). Plosive speech sounds (/b/, /d/, and /t/) were cut to a duration of 35 msec (Pompino-Marschall 2009), whereas the nasal speech sound (/n/) had a length of 75 msec (Siebenhaar, Reference Note 1). Even though the speech sounds were generated from a natural voice, the syllables were semisynthetic products. The same vowel sound /a/ was added to each consonant, resulting in syllables /ba/, /da/, /ta/, and /na/. Detailed information about formant frequencies is provided in Table 3 . All syllables were matched for fundamental frequency (F0 180 Hz), duration (300 msec), and intensity (70 dB). Stimuli were presented in a sound-attenuated chamber through a loudspeaker located 1.5 m in front of the child's head at an intensity of 75 dB SPL.
Tasks
To meet the aims of this study, we carried out the following three procedures: (1) a behavioral syllable discrimination task, (2) a phoneme and syllable production evaluation assessed by a modified version of the MPTs (Thoonen et al. 1996; Thoonen et al. 1999) , and (3) neurophysiological measurements. Data regarding syllable discrimination were collected to clarify whether there were significant differences in STUDER-EICHENBERGER ET AL. / EAR & HEARING, VOL. 37, NO. 1, e57-e71 e61 discrimination accuracy between the NH and HI groups and between age groups. RTs were measured to rule out attentional confounders. Variations in the frequency of occurrence of syllable pairs were presented to assess the presence of a distributional statistical learning mechanisms. The modified MPTs were implemented to sort out participants with motor speech disorders and to investigate differences between the following variables: NH and HI groups, sex, hearing function, age, and duration and intensity of consonantal speech products, as well as the perseveratory precision of the consonants. The perseveratory precision of consonantal duration and intensity is of particularly importance for verifying whether there was a potential connection between speech sound perception and production as assumed in the Perceptual Assimilation Model (Best 1994 (Best , 1995 . Electrophysiological measurements were performed to obtain a neurophysiological basis of speech sound processing of spectral, temporal, and spectrotemporal features, while also clarifying whether mechanisms of statistical learning were present. We also determined whether ERPs covariate with behavioral measurements and maturational effects. The children were first asked to discriminate 40 syllable pairs, after successful completion of a short sample trial. They were informed which buttons they should press to indicate similar versus different syllable pairs and were instructed to press the corresponding button as quickly as possible after deciding on the type of stimulus. Syllable pairs comprised 20 identical and 20 dissimilar pairs with variant frequency of occurrence made up of five dissimilar pairs of items with difference in VOT /da:ta/, five with different place of articulation /da:ba/, five with unlike manner of articulation /da:na/, and five with infrequent syllable combinations, for example /na:ba/, all of which had to be differentiated by the subject.
After this, the MPTs (Thoonen et al. 1996) were performed. The children were instructed to generate speech sounds (/a/, /m/, /s/, and /f/), monosyllables (/pa/, /ta/, /ka/, /ba/, /da/, and /na/), and trisyllables (/pataka/, /katapa/, and /badana/) and were shown an example of what to do by the experimenter so that they could hear and see all speech sound movements. They were instructed to hold a given speech sound as long as they could or to repeat continuously a set of syllables as quickly as they could. Each task was measured from the beginning until the end of breath. All participants could repeat each trial three times, if the utterances were not correctly completed.
Third, neurophysiological measurements were implemented using a multifeature paradigm (Optimum 1) (Näätänen et al. 2004 ). The standard stimulus /da/ alternated with three deviant stimuli /ba/, /ta/, and /na/. Each sequence started with 20 standard stimuli. Altogether 1140 stimuli were presented to each subject, subdivided into 600 standard stimuli and 540 deviant stimuli (i.e., each deviant 180 times). The stimulusonset asynchrony was 1000 msec with an interstimulus interval of 700 msec. The EEG recordings were repeated in three identical trials. Each sequence lasted 6 min and 20 sec, resulting in EEG registrations of approximately 20 min. During the EEG recording, the children watched a silent movie without human mouth movements. They were told to ignore the auditory input and to keep their attention on the movie. All tasks were completed in a set order for all children. The testing duration lasted 2.5 hr including behavioral tasks, EEG recordings, and breaks for rest.
Data Recordings and Data Analysis
Behavioral Tasks • The behavioral discrimination task was recorded and analyzed by the computer-based program E-prime (Schneider et al. 2001) . Syllable discrimination accuracy was evaluated by descriptive statistics to quantify successful hits for all five distinct feature categories for the NH and the HI groups. To assess statistical significance, t tests were applied to evaluate age effects in both groups (younger, 4 years 0 months to 5 years 11 months; older: 6 years 0 months to 7 years 11 months). Discrimination accuracy was correlated to the degree of HL in the HI group according to the Council on Physical Therapy of the American Medical Association (CPT-AMA 1942) to evaluate whether the number of correct results depended on the severity of HI. Furthermore, repeated-measures analyses of variance (ANOVAs) for each syllable pair category were calculated between groups (HI and NH) and age groups. In addition, binomial tests of the NH and HI groups and both age groups were calculated to judge whether or not the amount of accurate hits went beyond chance level. To control for alternations in attentional processes, trends in RTs of each stimulus type (syllable pairs with spectral, temporal, or spectrotemporal distinctions, as well as infrequent and identical syllable pairs) and of all items for each subject over time were calculated using a general linear model. Some children needed to be repeatedly reminded to press the corresponding button and were therefore excluded from data analysis with respect to RT.
Speech production data were stored and processed using PRAAT 5.1 (Boersma & Weenik 2009 ). The first successful trial of each type of syllable was segmented into typical consonant waveforms. For voiced plosives, these segments were defined as a closure followed by a burst and an irregular perturbation before regular vocal waveforms appeared, while the voiceless stop showed an interval between burst and onset of vocal vibrations without irregular perturbations. For the nasals, the waveform was characterized through a smaller amplitude in the vocal fold pulses than in the subsequent regular vocal waveforms (Ladefoged 2003) . To eliminate disruptive influences of higher speech motor variability at speech onset and to sustain short-term memory capacity, we evaluated the third through the eighth syllabic product. From these consonantal segments, we extracted the duration (msec) and the mean intensity (dB). A one-way repeated-measures ANOVA with consonantal duration and intensity as dependent variables and either group (NH and HI), sex, hearing function (monaural and binaural), age (younger, 4 years 0 months to 5 years 11 months; older, 6 years 0 months to 7 years 11 months), or consonants (/p/, /t/, /k/, /b/, /d/, and /n/) as independent variables was performed. A one-way repeated-measures ANOVA with standard deviation of consonantal duration and intensity was computed to evaluate the perseveratory precision between both groups. A t test was applied to examine whether there was a speech rate effect. The maximal amount of articulated monosyllables per second obtained from the MPTs (Thoonen et al. 1996) of each child represented the maximal speech rate. The values of maximal speech rate were correlated with the degree of HL measured by the CPT-AMA (1942) in the HI group to test the dependence of speech rate on the degree of HL. The level of significance for all tests of behavioral data was fixed at a p value of at least 0.05. All calculations were carried out using the statistical program R (R Development Core Team 2010).
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Electrophysiological Measurements • The EEG data were collected with a Nihon Kohden Neurofax 1100 system at a sampling rate of 500 Hz (front-end band pass: 0.1 to 100 Hz) with 21 Ag/AgCl electrodes following the International 10 to 20 system (Jasper 1958) and two additional electrodes in the position of Fpz and Oz. The ground electrode was attached left paramedial to the electrodes Cz and Pz. C3 and C4 were used as reference electrodes. Eye movements were registered by means of two electrodes placed below the eyes. The impedance of each electrode was less than 10 kΩ. The EEG data were collected and stored on a personal computer for further processing and analysis utilizing Brain Vision Analyzer software 1.05 (Brain Products GmbH, Gilching, Germany). Off-line, biological, and electrical artifacts were removed using an independent component analysis to correct for eye movements (Jung et al. 2000) , augmented by manual removal of visually detected residual artifacts. In addition, the initial 20 standard stimuli of each trial were removed. The data were segmented (100 msec before and 600 msec after the stimulus onset), band-pass filtered (0.1 to 30 Hz, and 48 dB/octave), recalculated against the average reference and within stimulus condition and each group. Group and condition-wise grand-mean ERPs were also computed. The aim of the analysis was to discretely investigate the effects of topography, indicating differences in source localization, global amplitude representing the strength of activation, and latency specifying the processing speed. The analysis of topography was based on topographical analysis of variance (TANOVA) (Strik et al. 1998 ) with syllable and group conditions as repeated measures. Where the TANOVA indicated significant effects of map topographies, post hoc comparisons using t maps were carried out. To correlate individual traits with topographical changes, TANCOVAs (Koenig et al. 2008) were implemented. These individual traits included age and the maximal speech rate. Of the latter, the median was calculated to divide the expressive data into a group with higher and lower speech rates. The analysis of the global amplitude was carried out by calculating the global field power (GFP) (Lehmann & Skrandies 1980) . Differences in timing of the microstates were statistically analyzed to determine the latency from stimulus presentation and to define their onset and offset and their duration. These are stable configurations of potential topographies for a certain period until they switch suddenly to another invariable configuration. Only a few are required to explain a great proportion of a data set (Michel et al. 2009 ).
Before the statistical tests were executed, the variances of the scalp fields across sensors were normalized for unit GFP. Significance level was always fixed at p value thresholds of 0.05. These calculations are based on randomization statistics and were carried out by the computer program RAGU (Randomization Graphical User interface) (Koenig et al. 2011) .
RESULTS
Speech Perception Effects
Behavioral Results of Discrimination Accuracy of Syllable Pairs in NH Subjects • The NH group achieved a spectral discrimination accuracy of 27.69%, and the t test showed no significant age effect (t = −0.0623, df = 11, p = 0.9514). With respect to the temporal discrimination, they differentiated 20% of all VOT distinctions correctly. No age effect (t = −0.6420, df = 11, p = 0.5341) could be detected in the t test. Spectrotemporal feature discrimination was implemented with an accuracy of 66.15%, and no age effect (t = −0.9959, df = 11, p = 0.3407) appeared in the t test. Infrequent syllable pairs reached a discrimination accuracy of 41.53%, and a t test indicated there was no age effect (t = −0.5243, df = 11, p = 0.6105). Regarding syllable discrimination accuracy of identical syllable pairs, NH children realized 88.85% correct, and the t test did not reveal an age effect (t = −1.7067, df = 11, p = 0.1159). These results indicated that independent of age, there was an increasing degree of difficulty in discriminating features of same, spectrotemporal, infrequent, spectral, and temporal of syllable pair differences. Behavioral Results of Discrimination Accuracy of Syllable Pairs in HI Subjects • The HI group correctly discriminated 23.07% of all spectral distinctions. No age effect could be observed in the t test (t = 0.7389, df = 11, p = 0.4755). Regarding temporal differences, 21.53% of the /da/ and /ta/ syllable pairs were discriminated accurately. The t test revealed no age effect (t = 0.3694, df = 11, p = 0.7188). The HI group perceived 64.61% of spectrotemporal differences correctly. The t test showed no age effect (t = −0.5911, df = 11, p = 0.5664). Of all infrequent syllable pairs, they differentiated 44.61% accurately. A t test demonstrated no age effect (t = 0.1424, df = 11, p = 0.8894). Regarding syllable discrimination accuracy of identical syllable pairs, the HI group attained 79.23%, and the t test revealed no age effect in the HI group (t = −1.5017, df = 11, p = 0.1613). These results led us to conclude that independent of age, children with HI show an increase of degree of difficulty with respect to same, spectrotemporal, infrequent, spectral, and temporal feature distinction in syllable pairs. The correlation between the amount of successful hits and the degree of HL was not significant (r = −0.2604832, p = 0.3900), indicating that the discrimination accuracy had not depended on the degree of HL.
Behavioral Results of Group Comparisons in Discrimination
Accuracy of Syllable Pairs Between NH and HI Subjects • The ANOVA did not reveal a significant NH and HI group effect [F(1, 22) = 0.15, p = 0.6993] or group by age interaction [F(1, 22) = 0.27, p = 0.6056] concerning /da/ and / ba/ syllable discrimination and no NH and HI group effect [F (1, 22) = 0.03, p = 0.8728] with no group by age interaction [F (1, 22) = 0.46, p = 0.5034] between the syllable /da/ and /ta/. Further ANOVA results indicated that neither a significant NH and HI group effect [F(1, 22) = 0.01, p = 0.9191] nor a group by age interaction [F(1, 22) = 0.09, p = 0.7669] could be detected with respect to /da/ and /na/ syllable discrimination. The discrimination accuracy of infrequent syllable pairs revealed neither a group effect [F(1, 22) = 0.07, p = 0.7942] nor a group by age interaction [F(1, 22) = 0.23, p = 0.6345] in the ANOVA data. Neither a group effect [F(1, 22) = 2.64, p = 0.1183] nor a group by age interaction [F(1, 22) = 0.25, p = 0.6231] could be detected in identical syllable pairs. The binomial test revealed that children of NH and HI groups and in both age groups discriminated syllable pairs at chance level (NH younger p = 0.5500, NH older p = 0.6650, HI younger p = 0.5250, HI older p = 0.6075). In summary, children with HI displayed slightly diminished discrimination accuracy compared with the NH children with the exception of temporal and infrequent syllable pair distinction. In addition, there were no significant differences within hearing groups or age groups. It is possible that children with HI differentiate infrequent syllable pairs better than NH because their perceptive abilities were not sensitive enough to detect a difference in the frequency of occurrence. The behavioral results of discrimination accuracy are listed in the Table 4. STUDER-EICHENBERGER ET AL. / EAR & HEARING, VOL. 37, NO. 1, e57-e71 e63
Behavioral Results of RT in NH and HI Subjects • None of the children showed an increase in RT over all 40 syllable pairs over time, indicating that there were no relevant attentional confounders in the behavioral data. However, 2 of 26 children showed a significant decrease of RT over all 40 syllable pairs over time.
Confirmatory Analysis in Physiological Correlates of Syllable Processing
The microstate analysis of the ERPs of the NH subjects revealed a series of components that were similar to descriptions in previous reports (Maurer et al. 2003; Ceponiene et al. 2005; Gilley et al. 2005; Wunderlich et al. 2006; Ceponiene et al. 2008; Sussman et al. 2008) , while other components, such as the N1, were not detected. This might be explained by the fact that primary auditory-evoked potentials undergo substantial changes until the age of about 16 years (Mahajan & McArthur 2012) , so that our data are not comparable to older subjects examined in other studies (Gilley et al. 2005; Wunderlich et al. 2006 ). The ERP microstate topographies and dynamics are shown in Figure 1A . Only significant time windows longer than 10 msec were interpreted for the analysis described in the following sections (Murray et al. 2008 ). 88.85% 79.23% -Age effects in syllable discrimination accuracy Spectral p = 0.9514 p = 0.4755 p = 0.6993 Group by age interactions p = 0.6056 Temporal p = 0.5341 p = 0.7188 p = 0.8728 Group by age interactions p = 0.5034 Spectrotemporal p = 0.3407 p = 0.5664 p = 0.9191 Group by age interactions p = 0.7669 Infrequent p = 0.6105 p = 0.8894 p = 0.7942 Group by age interactions p = 0.6345 Same p = 0.1159 p = 0.1613 p = 0.1183 Group by age interactions p = 0.6231 In the prestimulus and early poststimulus intervals, there were a series of components with a frontal-midline positivity and negativities at temporal to occipital sites. Earlier studies have labeled these components as Pa and frontal and central subcomponents of P1 and P2 (Näätänen 1987; Ceponiene et al. 2008) , which are typically evoked by a brief auditory stimulus. We found another early component similar to P1 that we have now labeled P1'. Later components were defined by positivities covering electrodes in the temporal lobe and parts of the occipital lobe and frontal negativities that have been labeled N2, N2a, N2b, N2c, N4, and the late discriminative negativity (LDN) according to the literature (Näätänen 1987; Sams & Näätänen 1991) (Fig. 1A) . The N2a is generated by a difference between a sensory memory trace for a previously presented auditory stimulus and another incoming stimulus that violates the neural memory presentation of the recently heard stimulus. The N2b is elicited by a process representing an anticipated stimulus itself, whereas the N2c is evoked when various stimuli have to be divided up into different categories. The N2 and the LDN are closely linked to the evaluation of the incoming stimuli, and the N4 is further related to phonemic priming (Näätänen 1987) .
Overall Statistical Analysis
A TANOVA of all four syllables showed significant effects across large time spans. To rule out the possibility of type 1 statistical error, we compared the amount of time points meeting the statistical criterion of p < 0.05 for the distribution of this count against the null-hypothesis, as determined through data randomization in a single overall test (Koenig & Melie-García 2010) . We found the difference was highly significant (p < 0.0002), indicating that the overall null-hypothesis of no effects of syllables could be rejected and an in-depth analysis was thus conducted. The underlying differences between ERPs evoked by distinct syllables are discussed in the following sections as a function of the different aspects of speech sound discrimination. Based on the overall TANOVA and on the timing of the microstates, the following five time windows were defined and used for further comparisons: (1) a time window from −10 to 88 msec (p = 0.001), which was divided into two parts for further group comparisons (see below): an initial subinterval around stimulus presentation (−10 to 6 msec, p = 0.004) and a second shortly after stimulus presentation (6 to 88 msec, p < 0.0001); (2) time windows from 100 to 116 msec (p = 0.007) and (3) from 142 to 152 msec (p = 0.004); (4) a period from 188 to 336 msec (p < 0.0001) that was divided into subintervals from 188 to 214 msec (p < 0.0001) and from 216 to 336 msec (p < 0.0001); and (5) a time window from 390 to 408 msec (p = 0.004).
Furthermore, we tested for significant differences of the global amplitude that might be evoked by the four different syllables. As in the TANOVA, an overall test for the count of time points meeting the criterion of p < 0.05 was highly significant (p < 0.0002), and the null hypothesis of no difference between syllables was therefore rejected. We compared the effects of GFP (Fig. 1B) covering time spans (1) from −48 to −2 msec (p = 0.006), (2) from 62 to 104 msec (p < 0.0001) which was divided into two separate intervals (from 62 to 86 msec, p = 0.001; and from 88 to 104 msec, p < 0.0001); (3) a time period from 150 to 210 msec (p < 0.0001); (4) a time window from 232 to 282 msec (p = 0.004); and (5) a later window from 462 to 600 msec (p < 0.0001), which was separated into two periods (from 462 to 528 msec [p = 0.001] and the final window from 530 to 600 msec [p < 0.0001]).
Physiological Correlates of Spectral, Temporal, and Spectrotemporal Features Discrimination in NH Subjects
• Spectral feature discrimination was defined by the difference between the syllables /da/ and /ba/ lying within the mid-frequency band. Based on the overall TANOVA result, during the P2 component from 188 to 214 msec, further comparison analysis showed a t map with a more left than right temporo-occipital positivity (t max at P7 = 4.049) and a more left-weighted centroparietal negativity (t min at C3 = −3.999) when comparing the syllable /da/ with /ba/ ( Fig. 2A) . A significant processing speed difference between microstates was detected for the P2 component offset (within 212 to 230 msec for all syllables but /na/, p = 0.0224), and no P2 component was present in the /na/ syllable condition. In addition, GFP analysis revealed that during the P2 component (150 to 210 msec, p = 0.014) and the LDN component (462 to 528 msec, p = 0.001), the /ba/ syllable had more field strength compared with all other syllables. The results indicate that the P2 component appears to be associated with spectral feature analysis, whereas early parts of the LDN component might be attributed to spectral control mechanisms.
Temporal feature discrimination was analyzed by the VOT distinction between the syllables /da/ and /ta/ comprising the high-frequency band. Based on the overall TANOVA, post hoc analysis of the P1' component for the time period from 6 to 88 msec revealed a t map (Fig. 2B ) with more bilateral frontal positivity (t max at F8 = 5.831) and more bilateral parietal negativity (t min at P7 = −5.218) evoked by the syllables /da/ compared with /ta/. Furthermore, when comparing the syllable /da/ with /ta/ during the N2 component from 216 to 336 msec, the t map showed left parietal positivity (t max at P3 = 3.800) and more right frontocentral negativity (t min at Fz = −4.749) (Fig. 2C) . Microstate latency effects occurred for the P1' offset (p = 0.0497) for /da/ and /ta/ at 54 and 72 msec and for the duration of P1' (p = 0.0350) with latencies for /da/ and /ta/ between 62 and 76 msec. Furthermore, a speed processing effect for the N2 onset (p < 0.0001) was found. The syllables /da/, /ta/, and /ba/ all had an onset within 214 to 232 msec, whereas /na/ began at 252 msec. This speed distinction between syllables was probably evoked by the different consonantal duration between short plosives and long-lasting nasals. GFP analysis of the first period of the P1' component (62 to 86 msec) (p = 0.005) indicated that the strongest GFP appeared for the syllable /da/ against all other syllables. During the subsequent interval (88 to 104 msec) (p = 0.017) and over the course of the N2 component (232 to 282 msec) (p = 0.005), the syllable /ta/ had a greater GFP compared with the other syllables. These results led us to the conclusions that the P1' component was involved in temporal feature analyses and the N2 component had functional importance for control mechanisms with respect to temporal feature discrimination.
Spectrotemporal feature discrimination was represented by the difference between the syllables /da/ and /na/, which covered the low-frequency and mid-frequency band. Post hoc analyses of the overall TANOVA in the P1 time window from 100 to 116 msec contrasting /da/ against /na/ showed a t map with a bilateral, but more right than left frontal positivity (t max at Fpz = 4.128) and a bilateral centroparietal negativity (t min at C3 = −2.735) (Fig. 2D ). Comparisons between /ta/ and /ba/ during the central P1 from 142 to 152 msec generated a t map with bilateral frontal positivity (t max at Fp2 = 3.359) and a centroparietal negativity (t min at Pz = −3.149) ( Fig. 2E ). Significant temporal differences for the P1 offset (p < 0.0001) and duration STUDER-EICHENBERGER ET AL. / EAR & HEARING, VOL. 37, NO. 1, e57-e71 e65 (p = 0.0138) were observed. While the syllables /ba/, /da/, and /ta/ had their offset within 174 to 188 msec and their duration between 104 and 120 msec, /na/ ended after 238 msec with a duration of 166 msec. This difference was a manifestation of the distinct consonantal duration of the phoneme classes (plosiv against nasal). GFP analysis of the late LDN component (530 to 600 msec) (p = 0.004) revealed that the /na/ syllable exhibited more field strength compared with all other syllables. Taken together, the data indicate that the P1 and the late LDN component can be assigned to roles for spectrotemporal feature analysis and control mechanisms. Because the /da/ versus /na/ contrast covered spectrotemporal feature analyses from lowfrequency to mid-frequency bands, the results further indicated that only the frontal P1 was involved in this process, whereas the central P1 was associated with the /ba/-/ta/ distinction, covering mid-frequency to high-frequency bands.
Group Comparisons Between NH and HI Subjects in
Physiological Correlates of Spectral, Temporal, and Spectrotemporal Features Discrimination • The only group difference of the HI participants related to ERPs associated with spectral feature discrimination was found in a GFP syllable by group interaction at a late process stage from 504 to 522 msec (p = 0.036) corresponding to the time when the early LDN component appeared, when comparing /ba/ against the remaining syllables (Fig. 3A) . This indicated that the HI group, when compared with the NH group, showed diminished control mechanisms with respect to spectral feature discrimination. Group comparisons regarding temporal feature discrimination of /da/ versus /ta/ differences yielded no significant results in the TANOVA, but the GFP analysis revealed a main effect from 90 to 120 msec (p = 0.020) that overlapped with the P1' and the frontal P1 components, whereas the NH had a stronger global field strength (4.19 μV versus 3.22 μV). In addition, GFP results showed a syllables by group interaction from 228 to 242 msec (p = 0.013) during the presence of the N2 component. Visualization of the results (Fig. 3B ) indicated that this was mainly due to a differential effect that appeared during the presentation of the syllable /ta/. Indeed, the NH group had the strongest GFP for /ta/ (p = 0.020), whereas no significant differences (p = 0.541) between the syllables were found in the HI group (Fig. 3B) . These results led us to the conclusions that the HI group compared with the NH group exhibited less neuronal activity related to temporal feature analysis and control mechanisms of temporal feature discrimination.
No group effects could be found with respect to spectrotemporal feature discrimination, implying that NH and HI groups showed similar processing. 
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Physiological Correlates of Distributional Statistical Learning in NH Subjects • In the behavioral discrimination task, the category with infrequent syllable pairs was taken as an indicator for distributional statistical learning. As for the ERPs, distributional statistical learning was quantified by the difference of the /da/evoked ERPs compared with the remaining syllables, as indicated by the more frequent appearance of /da/ (50% versus 16.66%).
Post hoc analysis of the overall TANOVA demonstrated that for the time interval corresponding to −10 to 6 msec, subjects exhibited a frontocentral positivity (t max at Cz = 2.723) and a left temporal negativity (t min at T7 = −4.006) with the highest values between /da/ and /na/ (Fig. 4A) . However, all other conditions possessed similar t maps with a right frontocentral positivity and a left temporo-occipital negativity, when compared with /da/ (Fig. 4B, C) . In addition, children with NH abilities showed significantly lower GFP for /da/-evoked potentials in the prestimulus period from −48 to −2 msec (p = 0.006) (Fig. 4D) . Further syllable comparisons produced a t map for the N2b component from 390 to 408 msec with the highest values between /da/ and /na/ with a maximal left temporal positivity (t max at T7 = 5.914) and a centroparietal negativity (t min at Pz = −4.215) ( Fig. 4E ), but all other conditions compared with /na/ possessed similar t maps. In summary, these two time frames can be assigned to roles for statistical learning mechanisms. The first time window around stimulus onset appears to be sensitive to frequency of occurrence, whereas the second time range seems to be attuned to slight acoustic changes within the presented stimuli.
Group Comparisons Between NH and HI Subjects in Physiological Correlates of Distributional Statistical
Learning • When the HI group was tested for physiological differences in indices of statistical learning in the time period where the NH group showed an effect (−10 to 6 msec), there was a significant group interaction in the TANOVA (p = 0.013). Further post hoc group comparisons of the difference of /da/ against the remaining syllables yielded a t map with a right central positivity (t max at C4 = 2.763) and a left temporal negativity (t min at T7 = −3.327) (Fig. 4F ). This t map of the group difference closely resembled the effect of distributional statistical learning itself in the NH group, thus indicating that in the early stage the HI group recruited less neural activity than was found to be associated with distributional statistical learning in the NH group. GFP analysis revealed no group effect (p = 0.398), that is, the HI group showed a similar reduction in GFP for the frequent syllable as compared with the NH group. In the second time frame where the NH group showed an effect (390 to 408 msec), there was a nonsignificant trend in the HI group (TANOVA; p = 0.068), implying that if there was a higher sample size a significant effect might be observed in this time window. Physiological Results With Age Taken as a Covariate • A TANCOVA analysis implemented separately with the NH and the HI group revealed main effects covering time spans from 70 to 82 msec for the NH group (p = 0.030, Fig. 5A ) and from 38 to 104 msec for the HI group (p = 0.004, Fig. 5B ). The map topography of the age effects closely resembled the topography of the P1/P1' complex, indicating that the P1/P1' complex becomes stronger with age. When considered in combination with the observation that children with HL exhibited less GFP in the same time period, this suggests a maturational lag in children with HI.
Speech Production Effects
Behavioral Results of Consonantal Duration and Intensity • The consonantal duration of the speech production STUDER-EICHENBERGER ET AL. / EAR & HEARING, VOL. 37, NO. 1, behavioral analysis revealed significant differences between hearing functions [F(1, 920) = 24.26, p = 0.0005 with monaural subjects producing a longer duration] and consonants [F(5, 920) = 272.11, p = 0.0005] with nasal producing a longer duration than plosives, and within the plosive phoneme class, the voiced was longer than the voiceless. On the other hand, no NH and HI groups effect [F(1, 920) = 2.82, p = 0.1868], no sex effect [F(1, 920) = 4.44, p = 0.1059], and no age effect [F(1, 920) = 0.02, p = 0.8877] could be found. In summary, consonantal speech duration played a key role in differentiating coordinative speech patterns; longer speech products correlated with an improved ability to produce distinctive duration patterns. Furthermore, no group effect with respect to the perseveratory precision of consonantal duration was observed, suggesting that differences in auditory perception do not affect durational speech production precision. The intensity of the speech products behavioral analysis revealed significant differences between the NH and HI groups [F(1, 920) = 7.26, p = 0.0171 with HI producing louder speech], sex [F(1, 920) = 7.68, p = 0.0171, boys producing louder speech], age [F(1, 920) = 121.18, p = 0.0005, younger producing louder speech], and consonants [F(5, 920) = 34.96, p = 0.0005, short consonantal duration was louder]. However, no differences were observed between hearing functions [F(1,920) = 1.72, p = 0.1896]. Concerning the consonantal intensity, there appears to be a close relationship to speech duration. The shorter the speech products were the louder the speech intensities produced by the subjects. In contrast, children with HI were less capable in regulating speech intensity.
A significant NH and HI groups effect in perseveratory precision of consonantal intensity emerged only for the syllable /ba/ [F (1, 24) = 4.34, p = 0.0482]. This suggests that the attunement to intensity precision in short speech products is affected by auditory perception. The p values for multitesting were Bonferroni-Holm corrected. An overview of the behavioral speech production results is provided in Table 5 . Physiological Results With Maximal Speech Rate Taken as a Covariate • Since a t test evaluating maximal speech rate demonstrated no NH and HI groups effect (t = 1.3341, df = 24, p = 0.1948), the median was calculated to divide the expressive data into a group with higher and lower speech rates. Then ERP results revealed a TANCOVA main effect from 150 to 168 msec (p = 0.026). When comparing children with high versus low speech rates, the corresponding t map possessed a left centroparietal positivity (t max at A2 = 3.523) and a left frontotemporal negativity (t min at P7 = −2.343) (Fig. 5C ). This result led us to conclude that children from the NH and HI groups with a fast speech rate showed more left-sided activity in sensorimotor cortices than children with a slow speech rate. However, the correlation between the maximal speech rate and the degree of HL in the HI group was not significant (r = −0.06013928, p = 0.8453), implying that velocity of speech production was not affected by the severity of HL.
DISCUSSION
In this study, we compared speech sound processing in NH preschool children to that in preschool children with peripheral HL. We focused on deciphering the spectral, temporal, and spectrotemporal features of speech sound discrimination. In addition, we elucidated features of distributional statistical learning and indications of a close connection between speech perception and production mechanisms. To clarify whether children with peripheral HL showed significant differences in their speech sound processing mechanisms, we carried out a comprehensive study that integrated a multifeature-stimulation paradigm, multichannel ERP analysis, and receptive and expressive behavioral tasks. Our approach allowed us to discriminate between the spectral, temporal, and spectrotemporal features of speech processing, thus allowing us to associate neural activity evoked by distinct speech components with their functional roles, and we further found evidence for distributional statistical learning in children with NH. 
Integration With Previous Studies of Speech Perception
Our findings are in line with previous studies describing predictable Pa, P1, P2, N2, N2a, N2b, N2c, N4, and LDN components (Näätänen 1987; Maurer et al. 2003; Ceponiene et al. 2005; Ceponiene et al. 2008; Sussman et al. 2008 ). In addition, we found a component similar to P1, but in the preceding interval (6 to 88 msec) with bilateral frontal positivity and bilateral parietal negativity that we labeled P1'.
Based on association of ERP components with variations of specific features of the stimuli, our results indicated that the component after P1' was involved in temporal feature analyses. Building on the work by Ceponiene et al. (2008) , who investigated only spectral feature differences, we found evidence not only for spectral feature processing during the two P1 subcomponents but also for spectrotemporal feature detection from lowto middle-frequency ranges in the first subcomponent and from middle-to high-frequency bands in the subsequent subcomponent. Furthermore, our results revealed that the P2 component has functional significance in spectral feature analyses, whereas late components such as the N2 (temporal) and the LDN (early: spectral; late: spectrotemporal) appeared to be involved in control mechanisms, as reported in the literature (Ceponiene et al. 2005; Ceponiene et al. 2008) .
When comparing ERPs of NH and preschool children with HI, our findings showed significant differences in two relevant domains. First, children with peripheral HL exhibited less neural activity at disposition with respect to temporal feature analysis, as detected by a lower GFP during the presence of the P1' component. Based on the analysis of age effects, this difference may be attributed to a maturational lag between children with NH and children with HI. Second, children with HI demonstrated reduced GFP in the N2 component and the early LDN component. An abnormal N2 amplitude was previously reported by . These neural activity alternations lead to decreased control mechanisms over temporal and spectral features, which may provide an explanation for abnormal speech sound perception and control processes (Grant et al. 2007; Jerger 2007) and for disabilities of auditory temporal ordering of language-specific stimuli in these patients .
Integration With Previous Studies of Speech Production
One of our hypotheses was that there is a close connection between neurophysiological speech sound perception and speech production processes. With respect to the aforementioned group differences in speech sound perception processing, this would indicate that speech sound production should also reveal group effects. However, our data did not support this possibility, as we found few group differences. On the other hand, previously reported effects of syllable features in normally hearing children could be well replicated. Our data revealed that children with NH abilities produced distinctive duration patterns between and within different phoneme classes, which has been previously reported in the literature (Goffman & Smith 1999; Smith 2006) . With respect to consonantal duration, no differences between age groups were observed. In addition, our findings indicated a close relation between consonantal duration and the ability to regulate the intensity of speech products; shorter speech sound durations correlated with the louder implementation of consonantal realization in children with NH. In contrast to the duration of speech sounds, a significant age-related difference could be found in consonantal intensity. These results led us to the conclusions that the ability to simultaneously coordinate the duration of articulatory movements with the fine tuning of speech intensity varies with age.
Only a subgroup of children with peripheral HL, namely those with unilateral HL, showed a significant difference in consonant duration; we found that they produce consonants with longer duration values than do children with balanced binaural abilities, similar to the findings by Higgins et al. (2005) . We found no group difference of perseveratory movements of consonant duration, in agreement with Baum and Waldstein (1991) .
Group effects were observed for tests of the regulation of consonant intensity and perseveratory articulation movements of the voiced bilabial plosive. Children with HI differed only in a consonant with short speech sound duration. Koopmans-Van Beinum et al. (2001) reported a more generalized lack of coordination with respect to speech sound products in infants with HI. Based on these observations, we postulate that speech motor coordination undergoes maturational processes in infants and toddlers, such that at the age range from 4 to 7 years only subtle distinctions can be observed. Based on these behavioral findings, we assume that a peripheral impairment of auditory capacities has a decreasing impact on coordinating speech production skills with increasing age.
An additional novelty of this study was the use of behavioral results such as the maximal speech rate as a covariate in TAN-COVAs. Interestingly, higher speech rates were associated with a more left-sided activity in sensorimotor cortices around 150 msec, a time span where spectral feature analysis was implemented in speech sound perception processing. In light of this result, we suppose that spectral feature analysis has an impact on the rate of syllable repetition in preschool children.
Integration With Previous Studies of Statistical Learning Mechanisms
According to the literature (Daltrozzo & Conway 2014) , statistical learning consists of at least two different mechanisms containing a bottom-up implicit mechanism and a more attention-dependent top-down explicit mechanism. The first mechanism develops early in life and is sufficient for rudimentary language-related abilities, whereas the latter requires explicit knowledge of abstract rules necessary to improve language abilities. Regarding indications of distributional statistical learning mechanisms in the present study, ERP responses of NH children yielded two variant components. The first component arose around stimulus onset with a right frontocentral positivity and a left temporo-occipital negativity, while the other appeared around 400 msec in the N2b component. The first component was reflective of a preparatory phase that was sensitive to distributional input associated with implicit learning, whereas the second more anticipatory component was responsive to featurespecific distinctions between the presented stimuli and linked to explicit learning. These results are in agreement with previous studies describing preparatory and more attention-dependent components with respect to statistical learning (Stadler et al. 2006; Schröger et al. 2007) .
When comparing ERPs between the NH and HI groups, children with HI showed diminished implicit statistical learning mechanisms, as indicated by the ERP-evoked difference STUDER-EICHENBERGER ET AL. / EAR & HEARING, VOL. 37, NO. 1, e57-e71 e69 around stimulus onset, and a nonsignificant trend in the N2b component, which reflects explicit learning. These findings of diminished statistical learning mechanisms may explain why HI children show impairments in phonological short-term memory; phonological discrimination and awareness (Briscoe et al. 2001) ; articulation rate, which has been linked to verbal short-term memory processes (Stiles et al. 2012) ; and crossmodal learning of sequences (Conway et al. 2009 ). These verbal and nonverbal functions require the ability to create categories, which in turn depends on the frequency of occurrence of a given input.
Clinical Implications and Future Directions
An unexpected finding for both groups and age ranges was that all subjects discriminated syllables in the behavioral task at chance level. Furthermore, discrimination tasks revealed no group differences, while ERP findings did. These findings raise the question of whether alternative, more sensitive behavioral tasks than we used in this study would find effects for these phenomena.
Our work may have important clinical implications, as valid knowledge of speech sound discrimination abilities based on ERP in preschool children with HI can be applied in devising more optimal therapeutic strategies. Our findings emphasize the clinical importance of exerting language-specific auditory discrimination training that is focused on spectral and temporal distinctions. Effort should be made to monitor the appropriate frequency of occurrence of auditory input, characterize regularities of phonological processing to create phoneme classes, and increase awareness of regularities of not only auditory input but also incoming cross-modal information.
A limitation of our study is that our ERP findings allow conclusions to be made only for preschool children from ages 4 to 7 years. We observed a nonsignificant trend for the anticipatory N2b component, which may be due to the small sample size. To clarify this, our study needs to be replicated with more participants. Further studies are needed to clarify the divergence between ERP and behavioral findings. Specifically, the behavioral discrimination tasks should be implemented with language-specific stimuli, which are sensitive to slighter acoustic changes. Furthermore, studies focusing on children with unilateral HL, children using cochlear implant, or toddlers with HIs are important avenues for further research. Such studies will provide better methods for speech therapy before preschool age.
CONCLUSIONS
We found that speech sound perception is based-apart from spectral, temporal, and spectrotemporal feature analysis, and control mechanisms-on implicit and explicit statistical learning mechanisms. Children with peripheral HL showed delayed temporal feature analysis, reduced spectral and temporal control mechanisms, and diminished statistical learning mechanisms. Receptive deficits in children with HI resulted only in subtle abnormalities in speech production, reflected in a delay in acquiring the ability to simultaneously coordinate the fine tuning of the duration and intensity of articulatory movements. These findings indicate that the integrated perceiving-acting system is less affected in 4-to 7-year-old children with HL compared with statistical learning mechanisms.
